INTRODUCTION
============

The tumor suppressor protein p53 plays various essential roles in maintaining the integrity of the human genome. Sequence-specific binding of the p53 core DNA-binding domain (DBD) to its response elements (REs) is a key component of the regulation of a large number of signaling pathways ([@gkt1219-B1]). The importance of DNA recognition by p53 is highlighted by the fact that \>80% of missense mutations of p53 found in human cancers are located within the DBD ([@gkt1219-B2]), and many cancer hot-spot mutants have been shown to impair recognition of target DNAs ([@gkt1219-B3]).

The p53 REs are defined by two closely spaced decameric half-sites \[consensus sequence: 5′-(RRRCWWGYYY)n(RRRCWWGYYY)-3′; R = A,G; W = A,T; Y = C,T; n = spacer of length 0--20 base pairs (bp)\], and hundreds of them have been validated in human and mouse ([@gkt1219-B1]). The mechanisms by which p53 specifically recognizes its REs have been a long-standing question ([@gkt1219-B1],[@gkt1219-B3]). p53 is known to recognize REs using base readout in the major groove, as exemplified by the bidentate hydrogen bonds between Arg280 and the conserved guanines in the CWWG core ([@gkt1219-B3]). The importance of DNA shape readout has also been noted: Arg248, the most frequently mutated residue in human cancers, recognizes its DNA target through readout of minor groove geometry and electrostatic potential ([@gkt1219-B4]); similarly, another cancer hot-spot residue, Arg273, plays a role in maintaining DNA shape ([@gkt1219-B5]).

Intriguingly, several recent crystal structures of tetrameric p53DBDs bound to full REs have revealed various deformations of the bound DNA ([@gkt1219-B4],[@gkt1219-B6]), suggesting a propensity of DNA conformational change upon formation of the p53/RE complex. However, it remains unclear to what degree the observed DNA deformation may be biased by crystal packing, and more importantly, how inherent variations of the shape of REs impact the mode of conformational change upon p53 binding. Answering these important questions requires a comparison of the bound and unbound RE conformations in solution. The latter is severely lacking---no atomic resolution structure of any unbound p53 RE has yet been reported.

The challenge of deducing DNA conformation in solution is not limited to p53 REs. Current knowledge on sequence-dependent DNA shape, particularly for free DNA, is rather inadequate despite its important role in protein--DNA recognition ([@gkt1219-B10]). For instance, sampling of sequence versatility in structure databases is insufficient, with the Dickerson dodecamer accounting for ∼10% of all DNA entries in the Nucleic Acid Database ([@gkt1219-B11]), and analyses of short non-coding DNA sequences in several eukaryotic genomes conclude that none of the abundant sequences have had their structures determined ([@gkt1219-B12]). These limited experimental data on intrinsic DNA shape is due, in large part, to the difficulty of obtaining unbiased structural information of 'naked' DNA. Whereas high-resolution structures of free DNA have been obtained by X-ray crystallography and NMR spectroscopy, their number is small compared with available data for protein--DNA complexes ([@gkt1219-B13]). In addition, X-ray crystallography studies are hindered by crystal-packing biases, and NMR studies are constrained by the size of the DNA.

Here, we introduce a new experimental/computational pipeline, in which the method of site-directed spin labeling (SDSL) is combined with all-atom Monte Carlo (MC) simulations to derive atomic resolution data representing the sequence-dependent conformation of DNA duplexes in solution. SDSL uses electron paramagnetic resonance (EPR) spectroscopy to monitor nitroxide radicals (i.e. the spin labels) attached at specific sites of biomolecules, and has matured as a tool for studying the structure and dynamics of proteins and nucleic acids ([@gkt1219-B14],[@gkt1219-B15]). The MC simulation technique was shown to enable efficient conformational sampling and was extensively validated using massive experimental data from X-ray crystallography, NMR spectroscopy and hydroxyl radical cleavage experiments ([@gkt1219-B13],[@gkt1219-B16]). In our new SDSL-MC scheme, a pulsed EPR technique, double-electron-electron-resonance (DEER) ([@gkt1219-B17]), is applied to measure distances between nitroxide pairs attached to the target DNA duplex. These distances are then used as constraints to query a large pool of all-atom models generated by MC simulations ([@gkt1219-B18],[@gkt1219-B19]), thereby identifying those that conform to the experimental measurements. The SDSL-MC approach is not limited by the size of the DNA or the requirement of crystalline samples, and provides a new method for examining the sequence-dependent shape of DNA in solution.

This work presents studies on two prototypic naturally occurring p53 REs ([@gkt1219-B1]): the p21-RE with no spacer (0-bp) between the two half-sites; and the BAX-RE with a 1-bp insertion between the two half-sites ([Figure 1](#gkt1219-F1){ref-type="fig"}A). Using the SDSL-MC approach, conformations of the unbound p21-RE and BAX-RE were determined in solution. Comparing the unbound and bound DNA revealed conformational changes in the central region between the two half-sites on protein binding, which allow formation of key protein--DNA and protein--protein contacts. The modes of conformational change, which differed between the two REs, could be linked to properties that are encoded in the individual nucleotide sequences, suggesting a possible means to achieve binding specificity through sequence-dependent conformational changes. Figure 1.Experimental design and example DEER results. (**A**) Nucleotide sequences of the REs. The p21-RE has no spacer between the two half-sites and is located 5′ upstream of the promoter of the *CDKN1A* gene involved in controlling cell cycle arrest. The BAX-RE has a 1-bp spacer (indicated by the lower-case letter) and is present at the promoter of the *Bax* gene. For each RE, the numbering scheme of the phosphates is shown next to each strand. The two half-sites are noted, with the CWWG core of each half-site shown in bold and the dotted box marking the central region between the two half-sites. Colored dotted lines and corresponding phosphates designate, as examples, the measured distance sets shown in (C). (**B**) Chemical configuration of the R5 nitroxide probe. (**C**) Examples of DEER data. Each data set is designated by the RE and the corresponding labeling sites. DEER spectra measured in the absence (straight line) and presence (dashed line) of p53DBD are shown, with black dotted lines included to aid comparison. See [Supplementary Figures S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1) and [S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1) for additional DEER data and analyses.

MATERIALS AND METHODS
=====================

DNA spin labeling
-----------------

DNA oligonucleotides were synthesized by solid-phase chemical synthesis (Integrated DNA Technologies, Coralville, IA, USA). Following previously reported protocols, the R5 spin labels (1-oxyl-2,2,5,5-tetramethylpyrroline, [Figure 1](#gkt1219-F1){ref-type="fig"}B) were attached to specific DNA sites using the phosphorothioate scheme, and the labeled DNA was purified by HPLC ([@gkt1219-B20]). Concentrations of labeled DNA were determined by absorbance at 260 nm. In this work, the R*~p~* and S*~p~* phosphorothioate diastereomers present at each attachment site were not separated. Previous studies using model systems have validated the use of R*~p~*/S*~p~* mixtures in DEER measurement and established an appropriate method for interpreting the measured inter-nitroxide distances ([@gkt1219-B21]).

EPR sample preparation and DEER spectroscopy measurements of inter-spin distances
---------------------------------------------------------------------------------

EPR samples were prepared following procedures described in ([@gkt1219-B9]). Each DEER sample contains 50--100 µM of labeled DNA or p53DBD-DNA complex, 50 mM HEPES (pH 7.5), 100 mM NaCl, 5 mM MgCl~2~ and 40% (v/v) glycerol. DEER measurements were carried out at 80 K on a Bruker ELEXSYS E580 X-band spectrometer equipped with a MD4 resonator. Previously reported acquisition parameters and procedures ([@gkt1219-B24]) were used. Inter-spin distance distributions were computed from the resulting dipolar evolution data using DEERanalysis2011 ([@gkt1219-B25]). From these distance distribution profiles, the average distance (*r~0~*) and the width of distance distribution (*σ*) were calculated as reported previously ([@gkt1219-B21]). Repeated measurements indicated that errors in the measured *r~0~* are less than 1 Å.

Generation of DNA models using Monte Carlo simulations
------------------------------------------------------

A previously published protocol was used to generate an MC ensemble of all-atom DNA models with sequence-dependent shape ([@gkt1219-B18],[@gkt1219-B26]). Simulations started from idealized B-DNA structures generated without any sequence-dependent structural features. The MC sampling was based on collective and internal degrees of freedom using the AMBER force field implemented as previously described ([@gkt1219-B18],[@gkt1219-B26]), an analytic chain closure with associated Jacobians ([@gkt1219-B19]) and explicit sodium counter ions combined with an implicit solvent description ([@gkt1219-B27]). MC sampling was performed \>1 million cycles with random conformational changes of all degrees of freedom in each cycle. All-atom structures were recorded every 100 MC cycles, forming an MC ensemble of 10 000 structures for each simulation.

Computation of expected inter-R5 distances
------------------------------------------

Our previously validated NASNOX program ([@gkt1219-B20],[@gkt1219-B22]) was used to calculate expected inter-R5 distances (*r~model~*). Briefly, with each DNA model, the program modeled R5 at the target site, then identified sterically allowed R5 conformers using the following search parameters \[see ([@gkt1219-B20]) for details on these parameters\]: *t1* steps: 3; *t2* steps: 6; *t3* steps: 6; fine search: on; *t1* starting values: 180°; *t2* starting values: 180°; *t3* starting values: 180°; and no additional conformer search criterion. Searches were carried out separately for the *R~p~* and *S~p~* diastereomers (i.e. R5 attached to the O1P or O2P atom), and the results were combined to yield the ensemble of allowable R5 conformers at the given labeling site. The *r~model~* between two-specific labeling sites was then calculated by averaging all inter-R5 distances between the two corresponding R5 ensembles. Controls showed that varying the search parameters resulted in \<1 Å difference in *r~model~*.

For the bound REs, expected inter-R5 distances (*r~crystal~*) were computed based on the reported crystal structures: PDB ID 3TS8 for the p21-RE ([@gkt1219-B8]); and 4HJE for the BAX-RE ([@gkt1219-B9]). A modified version of the NASNOX program was used to account for the presence of protein atoms.

Characterization of DNA duplex models
-------------------------------------

For a given model *j* of a DNA duplex, we defined a scoring function *P~t~* as: where *i* designates a particular distance in the DNA duplex, *r~model-j~* is the NASNOX computed expected distance for the model *j*, *r~0~* is the DEER measured average distance and *σ* is the measured distance distribution width. Heavy atom root-mean-square-deviations between DNA models (*RMSD~struct~*) were calculated using the program VMD ([@gkt1219-B28]). Calculations included, unless otherwise stated, only the interior of the duplex and excluded two base-pairs at either terminus. DNA structural parameters were calculated using CURVES ([@gkt1219-B29]).

RESULTS
=======

DEER-measured distances reveal that p53DBD binding induces RE conformational changes
------------------------------------------------------------------------------------

To examine the conformation of REs, a pair of R5 probes ([Figure 1](#gkt1219-F1){ref-type="fig"}B) were attached at specific DNA sites using a previously established phosphorothioate scheme ([@gkt1219-B20],[@gkt1219-B21]), and inter-R5 distances were measured by DEER. Each measured distance was designated by the corresponding labeling site numbers, for example, data sets \[14; 34\] in p21-RE represents the distance measured with a pair of R5 attached to the phosphorothioates of nucleotides C~14~ and C~34~ ([Figure 1](#gkt1219-F1){ref-type="fig"}A). For all double labeled REs, the measured dipolar evolution traces showed an oscillating decay pattern (see [Figure 1](#gkt1219-F1){ref-type="fig"}C for examples), from which the inter-R5 distances were determined. Control measurements on single-labeled REs gave flat traces ([Supplementary Figure S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), thus ensuring that the distances measured in the double-labeled DNA were not biased by spin interactions due to undesired sample aggregation. In addition, previous studies have demonstrated that R5 did not significantly distort the DNA duplex, and the measured distances accurately reported on the native structure ([@gkt1219-B21],[@gkt1219-B22],[@gkt1219-B30]).

We measured multiple distances in REs in the absence and presence of p53DBD to examine protein-induced DNA conformational changes. In these measurements, we chose labeling sites with minimal perturbation to p53 binding and we confirmed p53DBD-DNA complex formation by gel shift assays ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). For the p21-RE, 2 of the 6 data sets, \[14; 34\] ([Figure 1](#gkt1219-F1){ref-type="fig"}C) and \[13; 34\] ([Supplementary Figure S3D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), showed clear differences in the measured echo evolution traces on p53DBD binding. The differences in *r~0~* between the unbound and bound DNA were 5 Å and 3 Å, respectively ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), which are well beyond the error of *r~0~* measurements (±1 Å). In addition, control studies indicated that changes in R5 conformers on p53DBD binding were minimal and were unlikely to account for the observed *r~0~* changes ([Supplementary Figure S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). As such, distance changes observed in data sets \[14; 34\] and \[13; 34\] clearly revealed p21-RE conformational changes on p53DBD binding. On the other hand, the remaining four datasets, including \[9; 24\] shown in [Figure 1](#gkt1219-F1){ref-type="fig"}C, gave superimposable dipolar evolution traces in the absence and presence of p53DBD, resulting in little or no changes in *r~0~* ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1), [Supplementary Figure S3D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)).

For the BAX-RE, 10 sets of distances were measured in unbound and bound DNA ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1), [Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). Interestingly, the observed distance changes were much smaller than those observed for the p21-RE. The only noticeable distance changes were from data sets \[15; 36\] ([Figure 1](#gkt1219-F1){ref-type="fig"}C) and \[14; 36\] ([Supplementary Figure S5D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), both at 2 Å, whereas the remaining 8 data sets showed little or no changes in *r~0~* ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1), [Supplementary Figure S5D](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)).

Overall, in both the p21- and BAX-RE, p53 induced distance changes were detected by DEER, thus unambiguously revealing RE conformational changes on interacting with p53. However, with the presence of both variable and invariable distances, it was difficult to intuitively deduce the mode of RE conformational changes, even though crystal structures of both bound DNAs were available ([@gkt1219-B8],[@gkt1219-B9]). This motivated us to 'solve' the conformation of the unbound REs in solution.

Conformations of unbound REs in solution
----------------------------------------

To obtain all-atom models of unbound REs, we implemented a strategy that has been successfully used in SDSL mapping of an RNA junction ([@gkt1219-B24]), namely, to use the DEER measured distances to select sterically acceptable models from a large pool of 3D structures. In our approach, these structures were generated by unrestrained MC simulations ([@gkt1219-B18]). For each structural model, the NASNOX program ([@gkt1219-B20]) was used to select sterically allowed R5 conformers at the respective labeling sites, from which the relevant average inter-R5 distances (*r~model~*) were obtained. We then computed a scoring function *P~t~* for each model ([Equation 1](#gkt1219-M1){ref-type="disp-formula"}, 'Materials and Methods' section), taking into account the measured and predicted average distances (*r~0~* and *r~model~*) and the width of the measured distance distribution (*σ*). *P~t~* represents, under the assumption of an idealized normal distribution, the effective probability of a given set of *r~model~* values that match the corresponding *r~0~* values, with a perfect match resulting in a maximum *P~t~* score of 1.

For the p21-RE, we used 16 sets of DEER-measured distance ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1), [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)) to compute *P~t~* for a pool of 10 000 models obtained from 1 million MC cycles. The top-ranked model had a *P~t~* score of 0.64 ([Figure 2](#gkt1219-F2){ref-type="fig"}A, [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), corresponding to on average a 97% probability of matching each *r~model~* to the corresponding *r~0~* (0.97^16^≈ 0.64). For this top-ranked model, the root-mean-square-deviation between *r~model~* and *r~0~* (*RMSD~deer~*) was 0.81 Å, and the largest difference between a corresponding set of *r~0~* and *r~model~* was 1.8 Å ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). Given that *r~0~* and *r~model~* each might incur errors of ±1 Å, differences below 2 Å were deemed insignificant. The results indicated that the top-ranked MC model satisfies all the measured distances. Figure 2.Characterization of the unbound p21-RE (**A--C**) and BAX-RE (**D**-**F**). (A) Top-ranked MC model of the unbound p21-RE. (B) Uniform 20-bp B-DNA model constructed with a standard set of base-pair parameters (Helix twist: 35.9°; X-displacement; −0.66 Å; and C2'-endo sugar pucker). (C) Data mining of MC-generated unbound p21-RE models using EPR-derived distances. *X*-axis: *P~t~* computed based on 16 measured distances in the unbound p21-RE duplex. *Y*-axis: *RMSD~struct~* computed against the top-ranked MC model. Data points corresponding to uniform B-DNA (cyan) and bound DNA from PDB ID 3TS8 (red) are also included. (D) Top-ranked MC model of the unbound BAX-RE. (E) Uniform 21-bp B-DNA model. (F) Data mining of MC-generated unbound BAX-RE models using 18 EPR-measured distances. All color codes are the same as those in (C), except that the bound DNA data point (red) was obtained using PDB ID 4HJE.

To characterize variations in EPR-derived p21-RE models, we adopted a commonly used approach in NMR studies and further analyzed the 20 MC models with the highest *P~t~* scores. The pairwise *RMSD~struct~* among this top-20 ensemble was (1.0 ± 0.3) Å (average ± standard deviation, same below). This suggested that models that conformed to the measured distances were structurally similar ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). In addition, we carried out a search using only 14 of the 16 measured distances, which yielded the same top-ranked model and a similar top-20 ensemble ([Supplementary Table S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). Overall, the data indicated that within the resolution of the method, the 16 measured distances were sufficient to identify a set of all-atom MC models with convergent conformations.

We also examined models of generic B- and A-form duplexes built with identical helical parameters ([Figure 2](#gkt1219-F2){ref-type="fig"}B and [Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), which therefore exhibited uniform shapes without sequence-dependent characteristics. As expected, a uniform 20-bp A-form duplex, which drastically differed from the top-ranked p21-RE model with an *RMSD~struct~* of 5.0 Å, fitted poorly to the measured distances (*P~t~* = 1.0 × 10^−17^; *RMSD~deer~* = 8.5 Å) ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). More importantly, a uniform 20-bp B-form duplex ([Figure 2](#gkt1219-F2){ref-type="fig"}B) also yielded a low *P~t~* score (3.3 × 10^−6^) and a high *RMSD~deer~* value of 3.9 Å ([Supplementary Table S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), indicating that this generic B-DNA did not conform to distances measured for the p21-RE. The generic B-DNA had an *RMSD~struct~* of 2.9 Å when compared with the top-ranked p21-RE model, which was larger than the variation among the top-20 EPR-derived models ([Figure 2](#gkt1219-F2){ref-type="fig"}C). Therefore, the 16 sets of distances yielded a converged conformation of the unbound p21-RE with a sequence-dependent shape.

Using the SDSL-MC approach, we also obtained all-atom models for the unbound BAX-RE with 18 sets of measured distances ([Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1), [Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). The top-ranked BAX-RE model ([Figure 2](#gkt1219-F2){ref-type="fig"}D) had a *P~t~* score of 0.67 ([Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), i.e. an average 98% probability of matching each *r~model~* to the corresponding *r~0~*. This top-ranked MC model again differed from a 21-bp generic B-form duplex ([Figure 2](#gkt1219-F2){ref-type="fig"}E) and satisfied all the DEER measured distances ([Supplementary Table S4](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). In addition, the pair-wise *RMSD~struct~* among the top-20 BAX-RE models was (1.0 ± 0.3) Å, indicating a high degree of structural similarity ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). Furthermore, control studies showed that the use of 18 sets of distances was sufficient to identify a set of all-atom models with convergent conformations for the unbound BAX-RE ([Supplementary Table S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)).

Assessing p53DBD bound RE conformations in solution
---------------------------------------------------

To evaluate the bound RE conformation in solution, we compared the expected average inter-R5 distances based on the crystal structures (*r~crystal~*) with the corresponding DEER measured *r~0~* values ([Supplemental Table S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). For the p21-RE, the four distances spanning the central region between the two CATG cores showed differences ranging between −1.4 and 1.0 Å, which were within the variability range of 2 Å in our measurements. This indicated that within the resolution accessible to our method, the crystal structure of the bound p21-RE central region accurately reflected its conformation in solution. The same conclusion has also been previously drawn regarding the central region of the bound BAX-RE ([@gkt1219-B9]) (see also [Supplementary Table S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)).

Despite the general agreement observed at the central region, four equivalent distances, each one measured across one of the four CWWG cores presented in the p21- and BAX-RE, showed that the measured *r~0~* values exceeded the corresponding *r~crystal~* by 2.9--5.0 Å ([Supplementary Table S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). In these measurements, DNA-p53DBD complex formation was confirmed ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), although *r~0~* did not change upon p53DBD binding ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). In addition, these *r~0~* values were substantially larger than the corresponding *r~crystal~* distances obtained from other crystal structures ([@gkt1219-B4]). Taken together, the data indicated that in solution the CWWG core conformation in the bound REs likely differed from conformations captured in the crystal (see 'Discussion'). At this point, however, extensive protein--DNA contacts involved in the CWWG regions severely limited our ability to measure informative distances to derive an EPR-based model, and bound conformations of the CWWG core regions of the REs could not be deduced with certainty.

Distinct conformational changes at the central region of the REs on p53DBD binding
----------------------------------------------------------------------------------

The unbound p21-RE conformation derived from the EPR-MC pipeline differed from the bound DNA reported in the crystal structure with an *RMSD~struct~* of 2.6 Å, which was beyond variations among the top-20 models ([Figure 2](#gkt1219-F2){ref-type="fig"}C, [Supplementary Figure S7A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). We modeled the unbound DNAs into the tetrameric complex by aligning half-site 1 (i.e. nucleotides A~3~-C~10~/G~31~-T~38~; [Figure 1](#gkt1219-F1){ref-type="fig"}A). This half-site could be aligned reasonably well between the bound and unbound DNAs, with an RMSD of 1.4 Å between heavy atoms of the aligned nucleotides ([Figure 3](#gkt1219-F3){ref-type="fig"}A). However, with half-site 1 aligned, the bound and unbound DNAs deviated at half-site 2 (i.e. C~11~--T~18~/A~23~--G~30~) with an RMSD of 8.4 Å ([Figure 3](#gkt1219-F3){ref-type="fig"}A). Apparently, if the protein tetramer were maintained, the unbound DNA conformation would not allow proper protein--DNA contacts (e.g. R280 to G~7~, G~17~, G~27~ and G~37~, [Figure 3](#gkt1219-F3){ref-type="fig"}A) to form simultaneously at both half-sites. This likely caused a deformation at the central region of the bound p21-RE, resulting in a previously noted displacement between the helix axes of the two half-sites ([Supplementary Figure S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)) ([@gkt1219-B8]). Figure 3.Conformational changes in REs upon p53 binding. In each panel, shown on the left is the superimposition of the SDSL-MC-derived unbound RE onto the corresponding co-crystal structure of the complex, with the blue sticks representing the Arg280 residues; and the CPK representation denoting the G~7~, G~17~, G~27~ and G~37~ nucleotides in the RE. Shown on the right are schematic representations of the bound and unbound REs. (**A**) p21-RE, with DNAs aligned at nucleotides A~3~-C~10~/G~31~-T~38~ (dashed box). In this work, the p53 construct included only the wild-type DBD, whereas the co-crystal structure of the complex (PDB ID 3TS8) included the DBD covalently linked to the oligomerization domain without the wild-type linker present, but with mutations in both domains ([@gkt1219-B7],[@gkt1219-B8]). (**B**) BAX-RE, with the DNAs aligned at nucleotides A~3~-A~10~/T~33~-T~40~ (dashed box).

For the BAX-RE, the *RMSD~struct~* between the unbound and bound DNA was 2.1 Å ([Figure 2](#gkt1219-F2){ref-type="fig"}F). This is smaller than that of the p21-RE, and indicated that the BAX-RE underwent a more subtle p53-induced conformational change ([Figure 3](#gkt1219-F3){ref-type="fig"}). When we aligned the unbound and bound BAX-RE based on half-site 1 (i.e. nucleotides A~3~-A~10~/T~33~-T~40~), the bound DNA was superimposed by the ensemble of top-20 unbound RE models ([Supplementary Figure S7B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), and half-site 2 (i.e. nucleotides A~12~-C~19~/G~24~-T~31~) of the top-ranked unbound BAX-RE deviated from the corresponding segment of the bound DNA with an RMSD of 3.9 Å ([Figure 3](#gkt1219-F3){ref-type="fig"}B). These observations were consistent with the small distance changes observed at the central region of BAX-RE on p53 binding ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)), and might suggest that the unbound BAX-RE was poised to interact with the p53 tetramer due to its sequence-dependent shape ([Figure 3](#gkt1219-F3){ref-type="fig"}B). Most noticeably, for the 9-bp central region spanning G~7~/C~36~ and C~15~/G~28~ ([Figure 1](#gkt1219-F1){ref-type="fig"}A), the unbound BAX-RE was under-wound by ∼15° compared with a generic B-DNA. This facilitated the transition into the p53 bound form, in which further unwinding at the central region has been observed ([@gkt1219-B9]).

DISCUSSION
==========

We established a new SDSL-MC approach to study conformations of two prototypic p53 REs in solution. The unbound RE conformations, obtained using multiple measured nanometer distances as constraints, were within the B-DNA family while exhibiting sequence-dependent structural properties distinct from a uniform B-DNA. In both REs, p53-induced DNA deformations were detected at the central region between the two half-sites. The results indicate that sequence-dependent shapes of the unbound RE influence the mode of DNA conformational changes upon interacting with p53, which thereby may serve as a mechanism to achieve p53-RE binding specificity.

Sequence-dependent conformational changes of REs on p53DBD binding
------------------------------------------------------------------

Previous biochemical and computational studies have suggested changes of RE conformations upon p53 binding ([@gkt1219-B31]). However, the molecular details of the DNA conformational changes and their relationship to individual RE sequences remained rather unclear. Earlier work suggested that the bound REs undergo bending at the CWWG region ([@gkt1219-B31]). However, recent structural ([@gkt1219-B4]) and biochemical ([@gkt1219-B33]) studies of p53DBD bound REs showed generally rather small bending. Instead, in a number of crystal structures, deviations from canonical B-DNA characteristics were noted at a confined location between the two half-sites (i.e. the central region) ([@gkt1219-B4],[@gkt1219-B6]).

In this work, SDSL measured distances unambiguously demonstrated that in solution p53DBD binding induces conformational changes at the central region of the p21- and BAX-RE ([Figure 1](#gkt1219-F1){ref-type="fig"}C, [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). Perhaps unexpectedly, the degree of p53 induced DNA alteration was more subtle in the 1-bp-spacer BAX-RE as compared with that in the 0-bp-spacer p21-RE ([Figure 3](#gkt1219-F3){ref-type="fig"}), whereas the p53DBD bound complexes exhibited a similar tetrameric scaffold for both REs ([@gkt1219-B9]). This provides a hint that sequence-dependent structural properties encoded in a particular DNA target are exploited by p53 to achieve the energetically most favorable mode of deformation. This hypothesis is further supported by structural analyses of unbound REs, which were enabled by the all-atom models provided by the new SDSL-MC method. The analyses revealed RE shape variations and suggested tangible connections between structural features in the unbound and bound DNA ([Figure 4](#gkt1219-F4){ref-type="fig"}). For the BAX-RE, larger positive Roll of the T~9~pA~10~ base pair step was already apparent in the unbound DNA ([Figure 4](#gkt1219-F4){ref-type="fig"}C). Such intrinsic property of the TpA step facilitated widening of the minor groove ([@gkt1219-B10]), which was observed in the bound form ([Figure 4](#gkt1219-F4){ref-type="fig"}A). In addition, the unbound BAX-RE was under-wound at the central region ([Figures 3](#gkt1219-F3){ref-type="fig"}B and [4](#gkt1219-F4){ref-type="fig"}), thus facilitating further unwinding to accommodate the 9-bp central region into the same volume occupied by 8 bp in other REs with 0-bp spacers ([@gkt1219-B9]). On the other hand, in the unbound p21-RE the relative positioning of the two CWWG cores deviated significantly from the bound form, necessitating a shift of the helix axis at a 'hinge' located at the interface between two half-sites ([Figure 3](#gkt1219-F3){ref-type="fig"}). Further analyses indicated that conformational changes at the central region of the REs occurred to facilitate proper protein--DNA interactions, while at the same time maintaining the intra- and inter-dimer protein contacts ([Figure 3](#gkt1219-F3){ref-type="fig"}). As the collective protein--DNA and protein--protein contacts give rise to cooperative binding, sequence-dependent conformational changes at the central region of REs thus may modulate cooperativity in p53-RE interactions, thereby contributing to specific RE recognition. Figure 4.Analyses of p53 RE structures. The DNA shape parameters (**A**) minor groove width, (**B**) helix twist and (**C**) roll are shown for the p21-RE (left panel) and the BAX-RE (right panel). Structural features were derived from the crystal structures of the complexes (red), the top-ranked MC models (green) and the averages of the top-20 MC models (blue). The error bars indicate the standard deviations of structural parameters among the top-20 models, demonstrating an efficient conformational sampling. The structural parameters indicate that the conformations observed in the crystal structures of the bound forms were partially apparent in the intrinsic DNA shape of the unbound forms. Examples for this observation are the low helix twist values at the C~10~pC~11~ step of the p21-RE and the A~10~pG~11~ step of the BAX-RE, as well as the negative Roll at the A~12~pA~13~ step of the p21-RE and the positive Roll at the T~9~pA~10~ step of the BAX-RE.

For both bound p21- and BAX-RE, the SDSL data indicated that solution-state conformations of the CWWG cores deviated to a certain degree compared with the corresponding crystal structures despite the good agreement in the central regions ([Supplementary Table S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1)). Although we cannot rule out the possibility that this discrepancy might be due to the fact that the CWWG cores and the central region were differentially impacted by differences in experimental conditions (e.g. frozen solution versus crystal; difference in constructs, see [Figure 3](#gkt1219-F3){ref-type="fig"} caption), the SDSL data may also reflect an intrinsic variability of the CWWG core as suggested by previous studies ([@gkt1219-B4],[@gkt1219-B9],[@gkt1219-B31],[@gkt1219-B33]). In particularly, the ApT steps within the CWWG cores have been reported in either Watson--Crick ([@gkt1219-B6]) or Hoogsteen configuration ([@gkt1219-B4]). Transitions between Watson--Crick and Hoogsteen geometry, which are associated with base flipping ([@gkt1219-B34]), may account for the longer distances measured in solution as reported here. Furthermore, whereas p53DBD binding induced a larger degree of deformation at the central region of p21-RE as compared with that of the BAX-RE, the p21-RE is known to bind tighter to p53 ([@gkt1219-B35]). One of the possible explanations for this apparently puzzling observation is that the respective CWWG cores responded differently to p53 binding. Further investigation of the CWWG core, particularly in the bound state, is therefore required.

Finally, p53/DNA interactions can be impacted by regions beyond the DBD and RE ([@gkt1219-B3]). Whereas biophysical studies focusing on folded p53 fragments have provided a wealth of information regarding p53 structure and function, expanding beyond these 'truncated' systems is highly desirable. The SDSL-MC approach, which is capable of providing molecular details in large non-crystalline complexes, is particularly suited for these studies.

Mapping sequence-dependent DNA shape using the SDSL-MC approach
---------------------------------------------------------------

Whereas early SDSL studies used DNA duplexes as model systems ([@gkt1219-B21],[@gkt1219-B36],[@gkt1219-B37]), recent reports have emerged in which SDSL measured distances were used to study DNA duplex conformation in response to base lesion ([@gkt1219-B38]), mismatches ([@gkt1219-B39]) and protein binding ([@gkt1219-B40]). In addition, SDSL has also been used to study higher order DNA structures such as quadruplexes ([@gkt1219-B41]) and four-way junctions ([@gkt1219-B42]). In this work, using the R5 probe that can be attached to any nucleotide within a target sequence, multiple distances were readily measured, and they directly revealed conformational changes between the bound and unbound DNA. In addition, synergistic integration with MC sampling allowed us to derive atomic models of the target DNA with sequence-dependent shape. In each top-20 ensemble of unbound REs, the models are: (i) structurally highly similar; and (ii) clearly different from a uniform B-DNA ([Figures 2](#gkt1219-F2){ref-type="fig"} and [4](#gkt1219-F4){ref-type="fig"}). This demonstrates that the SDSL-MC pipeline has the ability to provide detailed structural information of DNA duplexes. The bound p21-RE structure differed from the top-ranked model of the unbound DNA by an *RMSD~struct~* of 2.6 Å and from uniform B-DNA by only 1.8 Å. As such, obtaining the sequence-dependent shape of the unbound DNA has a profound impact on properly assessing protein induced deformations of DNA targets. Furthermore, intrinsic DNA shape features revealed by the SDSL-MC approach will benefit a broad range of efforts, such as prediction of transcription factor binding specificities based on regression models that combine DNA sequence and shape ([@gkt1219-B43]).

Nevertheless, further studies are needed to explore the utility and limitation of the SDSL-MC method. For example, the 'resolution' that can be achieved by this approach remains to be investigated. In addition, DEER measures distances in a frozen solution state, whereas MC simulations target solution-state equilibrium at ambient temperature. It is not clear how unique aspects of each methodology impact the interpretation of the resulting DNA shape.

In summary, results reported here clearly demonstrate that the SDSL-MC approach reveals sequence-dependent shapes of p53 REs that advance our understanding of p53/DNA recognition. The method is not limited by the size of the system and allows parallel examination of DNA shape in both the unbound and protein-bound states. This is a step forward toward uncovering the role of intrinsic DNA shape on protein--DNA recognition on a general basis.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1219/-/DC1) are available at NAR Online.

FUNDING
=======

NIH \[GM069557 and RR028992 (to P.Z.Q.); U01GM103804 and R01HG003008 (in part to R.R.); and R01GM064642 and 2U54RR022220 (to L.C.)\]; and NSF \[MCB-0546529 and CHE-1213673 (to P.Z.Q.)\]. Funding for open access charge: NSF, NIH.

*Conflict of interest statement.* None declared.

Supplementary Material
======================

###### Supplementary Data

The authors thank I. Haworth for the continued development of the NASNOX program. R.R. is an Alfred P. Sloan Research Fellow. See Supplementary Data for detailed author contributions.
